No or only moderate correlation has been found between disability and T2-weighted magnetic resonance imaging (MRI) lesion load in patients with multiple sclerosis (MS) [1]. The inability of T2-weighted imaging to quantify the most destructive aspects of MS pathology in lesions and normal-appearing white matter (NAWM) has been claimed as an explanation for this [2]. Other MR techniques, such as T1-weighted imaging, magnetization transfer imaging (MTI), diffusion tensor imaging (DTI) and proton MR spectroscopic imaging (MRSI) can provide information with the potential to quantify reliably the amount of brain tissue loss and disorganization in MS [3]. Since these various techniques are likely to provide different pieces of information [3], multiparametric MR models might result in more accurate pictures of tissue damage in MS. We obtained T2-weighted, T1-weighted, MTI, DTI and MRSI scans of the brain from MS patients to assess the correlation between clinical disability and aggregates of MR quantities thought to reflect different aspects of MS pathology.
Introduction
No or only moderate correlation has been found between disability and T2-weighted magnetic resonance imaging (MRI) lesion load in patients with multiple sclerosis (MS) [1] . The inability of T2-weighted imaging to quantify the most destructive aspects of MS pathology in lesions and normal-appearing white matter (NAWM) has been claimed as an explanation for this [2] . Other MR techniques, such as T1-weighted imaging, magnetization transfer imaging (MTI), diffusion tensor imaging (DTI) and proton MR spectroscopic imaging (MRSI) can provide information with the potential to quantify reliably the amount of brain tissue loss and disorganization in MS [3] . Since these various techniques are likely to provide different pieces of information [3] , multiparametric MR models might result in more accurate pictures of tissue damage in MS. We obtained T2-weighted, T1-weighted, MTI, DTI and MRSI scans of the brain from MS patients to assess the correlation between clinical disability and aggregates of MR quantities thought to reflect different aspects of MS pathology.
Methods
We studied 23 MS patients. Their mean age was 37.1 years, median duration of the disease was 5 years and median Expanded Disability Status Scale (EDSS) score [4] was 2.0. All patients were scanned on two occasions separated by a three-day interval. During the first session, the following scans were obtained using a 1.5 T scanner: a) dual-echo turbo spin echo (TSE) (TR=3300, TE=16/98, ETL=5); b) 2D gradient echo (GE) (TR=600, TE=12, flip angle=20°), with and without an off-resonance RF saturation pulse (offset frequency=1.5 kHz, duration=7.68 msec, flip angle=500°); c) pulsed-gradient spinecho single-shot echo-planar pulse sequence (PGSE-EPI) (inter-echo spacing=0.8, TE=123) with diffusion gradients applied in 8 non collinear directions. The duration and maximum amplitude of the diffusion gradients were respectively 25 ms and 21 m/Tm,giving a maximum b factor in each direction of 1044 sec mm-2. d) T1-weighted conventional spin echo (CSE) (TR=768, TE=15), after the injection of 0.1 mmol/Kg of gadolinium-DTPA. For TSE, GE and CSE sequences, 24 contiguous, 5-mm thick axial slices were acquired with 256x256 matrix and 250x250 field of view (FOV). For PGSE-EPI scans, ten, 5-mm thick axial slices with 128x128 matrix and 250x250 mm FOV were acquired, with the second-last caudal slice positioned to match exactly the central slices of the other sets. During the second session, MRSI scans of the brain were obtained. An intracranial volume of interest (VOI), measuring approximately 90x20x90 mm, was centered on the corpus callosum. Two-dimensional spectroscopic images were obtained using a 90°-180°-180° pulse sequence (TR=2000,TE=272, FOV=250x250, phase encoding steps=32x32, with one signal average per step). Hyperintense T2 and hypontense T1 lesion volumes (LV) were measured using a semi-automated segmentation technique based on local thresholding [5] . The two GE images, with and without the saturation pulse, were first coregistered and then MT ratio (MTR) images were derived pixel by pixel. PGSE-EP images were first corrected for distortion induced by eddy currents. Then, the diffusion tensor was calculated for each pixel [6] . After diagonalization of the matrix, mean diffusivity (MD) was derived for every pixel. Histograms of MTR and MD maps were created as previously described [7] , after removal of the extra-cerebral tissue and of cerebro-spinal fluid, using the same technique used to segment lesions [5] . To correct for the between-subject differences in brain size, each histogram was normalized by dividing the height of each histogram bin by the total number of pixels contributing to the histogram. The average MTR and MD values were calculated, as well as the histogram peak heights and locations. MRSI post-processing was performed as previously described [8] . Metabolite resonance intensities of N-acetyl-aspartate (NAA), choline (Cho), and creatine (Cr) were determined automatically from peaks area relative to a spline-corrected baseline. Metabolite values were expressed as a global value for each subject. Results Table 1 reports the means and ranges for all the MR quantities in study. The r and p values of the univariate correlations between MR quantities which were statistically significant are reported in Table 2 . Only the mean NAA/Cr ratio was found to correlate significantly with disability (r=-0.50, p=0.01). Composite models were created using MR quantities thought to reflect different aspects of MS pathology. The EDSS scores predicted by three of the composite MR models we created were strongly correlated with the observed EDSS scores (r values ranged from 0.58 to 0.73 and p values from 0.004 to 0.0001). The first model included T2 LV, T1 LV and brain MD and explained 34% of the observed EDSS variance; the second model included T2 LV, T1 LV and brain NAA/Cr and explained 36% of the observed EDSS variance; the third model included T1 LV, brain MD and NAA/Cr and explained 53% of the observed EDSS variance. Discussion The severity of tissue damage of macroscopic lesions and NAWM are both relevant factors in determining MS-related disability. Multiparametric MR models may have the potential to provide powerful measures to monitor MS evolution. References 1. Miller, D.H., Grossman, R.I., Reingold, S.C., et al. Brain, 121, 3, 1998 2. Rovaris, M., Filippi, M., Curr Opin Neurol, 12, 337, 1999 3. Filippi, M. J Neurol Neurosurg Psychiatry, 64 (Suppl 1), S52, 1998 4. Kurtzke, J.F. Neurology, 33, 1444 , 1983 . Filippi, M., Iannucci, G., Tortorella, C., et al., Neurology, 52, 588, 1999. 6 
